Anticipating new spectroscopic studies of quasar companions, we calculate expected emission line spectra for the companion galaxies. Under the assumption of isotropic pho- from the companions occupying only a tiny solid angle would suggest that 1) quasar radiation is isotropic; 2) companion galaxies have measurable amount of gas, which can be assessed using the photoionization models; 3) host galaxies, if present, have been depleted of gas or do not interact with the companions.
Introduction
There is increasing observational evidence that quasar activity is associated with compact groups of galaxies (Bahcall & Chokshi 1991; Yee & Ellingson 1993 , and references therein). Recent HST observations (Bahcall, Kirhakos, & Schneider 1995a ,b, 1996 Bahcall et al. 1997 , hereafter BKSS) of nearby luminous (z < 0:3; M V ?22:9) quasars revealed extremely close companion { 2 { of the quasar ionizing radiation suggested by the implied AGN model (cf. for example Antonucci 1993) . The results of such observations may be important in understanding the quasar environment. observed extended line emission around a sample of quasars in their narrow-band O iii] 5007 survey. In many cases, the emission regions are not con ned to the nearest detected companion and instead show asymmetric structures, such as bridges and tidal tails. The Stockton-MacKenty results suggest that at least in some cases companion galaxies are experiencing violent interactions with the QSOs and that their gas may have been removed by interstellar shocks. However, very little observational evidence exists on the emission-line spectra of the close companions. Our work is intended to motivate future observations by showing that gas content and metallicity can be assessed by obtaining spectra of the companions. We calculate the emission line spectrum expected from a single gas cloud with various galactic parameters, which is illuminated by the hard UV radiation from a central QSO source. Comparing our models with the results of narrow band imaging or high-resolution spectroscopy yields estimates of the gas density and its distribution.
We outline in x2 the calculations and the method that can be used to study the ISM in the companion galaxies. Next, we discuss in x3 the results for individual companions. Finally, in x4, we speculate on what can be learned about quasars and their environment from the study of emission lines of the companion galaxies.
Computing the emission lines
We use the photoionization program CLOUDY , version 84.12 (Ferland 1993) to calculate the emission line spectrum of a cloud of gas exposed under the quasar radiation. The density of the gas, n H , is assumed constant throughout the cloud. The shape of the incident QSO's spectrum is from Mathews & Ferland (1987) and is normalized to the total quasar luminosity, L QSO . The underlying continuum of the companion is assumed to be the standard spectrum of a Sbc galaxy, as reported by Coleman, Wu, & Weedman (1980) , normalized to L comp . We explore ve orders of magnitude in the gas density (values characteristic of a normal galaxy), and four orders of magnitude in the ionizing ux. The equivalent widths of the emission lines are evaluated relative to the outgoing continuum of the companion galaxy that includes the component of the incident radiation absorbed and re-radiated by the gas. For a similar exploration of clouds within, not outside, the AGN see Baldwin et al. (1995) .
The gas in the cloud will be partially (or fully) ionized by the quasar radiation and will resemble a giant HII region. The principle di erences from galactic HII regions are the geometry of the cloud and the shape of the ionizing continuum. The companion galaxy usually occupies a small solid angle as seen from the quasar, and therefore only a fraction of the ionizing ux will hit the inner surface 
where is the solid angle subtended by the cloud, S is the surface of the cloud closest to the quasar, and d is the distance to the quasar.
Unlike a galactic HII region, the ionization region around the quasar does not have a de nite boundary because of the power-law spectrum of the ionizing radiation (Bahcall, Bahcall, & Kozlovsky 1971; Halpern & Steiner 1983) . The electron density declines smoothly with radius and it is not possible to separate completely the ionized and neutral zones. Nevertheless, it is instructive to introduce a parameter analogous to the Str omgren radius of the HII region. Since CLOUDY imposes spherical geometry on the cloud, the ionized region is a spherical shell with surface area S and mean radial width R S .
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where B 4 10 ?13 cm 3 s ?1 is the hydrogen recombination coe cient, and n e and n p are the electron and proton densities, respectively. A lling factor, f, accounts for the non-uniform distribution of the gas in the cloud. Q(H) is the total rate of ionizing photons from the quasar. For the chosen shape of the quasar continuum, Q 55 Q(H)=10 55 s ?1 = L QSO =3:2 10 11 L : The \Str omgren width", R S , provides a useful estimate of the e ective volume occupied by the ionized gas that determines the line emission strength from the cloud. Table 2 gives the values of R S for our sample. Only two close companions have ionization zones comparable to their size, and in the rest of the galaxies the Str omgren zone is ionization limited (its size R > R S ). The actual widths of the companions (column 4), as well as their covering factors $, were estimated from the HST images.
In the CLOUDY calculations we use solar abundances of elements. Our choice is supported by the recent result that the abundances of the heavy elements considered here (O, N, Ne, and Mg) di er by less than 50% in the solar neighborhood (Edvardsson et al. 1993) , and by the current models of chemical evolution of galaxies (for example , Pagel 1989 ) that predict slow evolution of metallicity over the last 5 ? 10 Gyr. External galaxies, however, show a spread of metallicities.
While including abundances as free parameters would signi cantly complicate our models, it is still necessary to investigate the extent to which varying metallicity of the gas may change the predicted spectrum. Interstellar dust can also modify the thermal balance in the clouds (Shields & Kennicutt 1995) . We have conducted test calculations including the depletion of certain elements onto dust grains (as described in Baldwin et al. 1991) and varying metallicity parameter in a wide range of 0:1Z < Z < 5Z . At very low metallicity (Z 0:1Z ), the forbidden line emission (for example, O iii]) increases as Z rises, while the hydrogen Balmer line intensity is essentially constant. Increasing metal { 4 { abundance leads to more e cient cooling and correspondingly lower electron temperature. At about solar metallicity the temperature e ect starts to dominate and both O iii] and H decline even as Z increases (McCall, Rybski, & Shields 1985) . Including dust grains in the calculations gives rise to the opposite phenomenon. The main e ect of the grains is depletion of metals from the interstellar medium (Shields & Kennicutt 1995) . This reduces cooling e ciency of the gas and leads to higher temperature than in the dust-free case. Therefore the variation of the predicted emission lines with Z is reduced.
The test calculations have been performed for all quasar companions considered in x3. In the range 0:3 < Z=Z < 3, the intensity of the O iii] line varied by an average of 45% for the two close companions and by 53% for the other companions with lower ionization level. In the range 0:1 < Z=Z < 5 for the close companions, O iii] was reduced by about 90% compared to its value at Z Z . The O iii]/H line ratio changes more slowly than the O iii] intensity at high metallicity because of similar drop in H . In all calculations involving the two close companions the average electron temperature was in the range T e = 8 10 3 ? 3 10 4 K, and for the low-ionization companions T e = 6 10 3 ?2 10 4 K. From these tests we conclude that choosing solar abundances maximizes the forbidden line emission from the quasar companions.
Distribution and density of gas in the close companions
When companions are very compact or very close to the quasar, such that R < R S , essentially all gas is ionized and the intensity of the emission lines is directly proportional to the e ective volume occupied by the gas, V = S R f. The unknown parameters are the gas density n H and the lling factor f. We have computed a two-dimensional set of ionization models, varying n H from 10 ?2 to 10 3 cm ?3 , and f from 1 to 10 ?4 . Figure 1 shows The intersection of the isocontours of all the observed W gives the point on the f ?n H diagram that corresponds to the ionization model best reproducing the observations. Besides an estimate of n H , we obtain also the full emission-line spectrum of the object (within the simple, constant density model). Therefore we predict the intensity and equivalent widths for other strong lines, and these in turn can be tested by future observations. Given good data from several lines (including upper limits), it seems possible to construct a model with a realistic gas distribution covering a range of densities n H .
Density of gas in the ionization-bounded companions
If the companions are su ciently far from the quasar, the strength of the emission lines is limited by the number of ionizations. At high enough density, the e ective volume of the ionized region is V = S R S f and the equivalent widths of the hydrogen lines are proportional to a single ionization parameter
This parameter is, in principle, directly observable. Values of for the companion galaxies in our sample are given in the last column of Table 2 . It could be related to the usual ionization parameter U: = U n H (cm ?3 )S(kpc 2 )(L comp =8:8 10 9 L ) ?1 . The two parameters are similar in value but has the advantage of being independent of the gas density. This allows us to separate the intensity of the incident ux from the parameters intrinsic to the companion. Figure 2 shows the results of our calculations for the same emission lines, now as function of and n H . The two hydrogen lines, H and H , demonstrate the simple variation of the equivalent widths. When the density is large, W (H ; H ) / almost independently of n H . On the other hand, for n H < 1 cm ?3 the ionization is complete and W (H ; H ) / n 2 H . The corners of the contours lie on a single line R = R S (i.e. / n 2 H ). Note that both permitted and forbidden lines show a general break along that line. Behavior of the oxygen lines can be understood using the three-level model of the oxygen atom. The dominant excitation mechanism is collisions with electrons unless the radiation eld is so strong that recombination to excited levels becomes important. For the O iii] line, collisional excitation prevails if n(O +2 )=n(O +3 ) > 0:0025, which is always satis ed in our models. We have also checked that the quasar radiation is strong enough that photoionization of neutral oxygen atoms wins over the charge exchange with protons (see Spitzer 1978) if n p < 76 Q 55 (d=5 kpc) ?2 cm ?3 .
For low densities ionization is so high that the ion abundances of the heavy elements are controlled by recombination from the next ionization state. As a result, all equivalent widths { 6 { follow the approximate relation W (O; Ne; Mg) / n 3 H ?1 . In the limit of a weak radiation eld (or high density), the ion concentrations scale di erently and so do the equivalent widths of the lines. Figure 2 allows us to nd the best ionization model describing a set of the observed emission lines. The ionization parameter of the cloud could be determined directly from the observations (see eq. 3]). Ideally the contours of the equivalent widths should all intersect in one point with the horizontal line of the known , and even one measured line would su ce to obtain the value of the gas density. However given the uncertainty of measurements, it is desirable to have several lines in order to better constrain the estimate of n H .
How does the observational uncertainty in W propagate to the inferred values of n H ? We have considered a range of values of W and obtained the corresponding range of allowed densities. Our tests show that the relative error in log n H is of the same order as that in log W ( O iii]; O ii]), with log n H 1:3 log W for a wide region on the ? n H diagram. Therefore, observational errors are not strongly enhanced in the estimate of the gas density.
Discussion of individual galaxy companions
In this section, we apply the results of our calculations to the individual companions listed in Table 1 . In calculation of luminosities of quasars and their companions we use a solar V magnitude of M V; = 4:84 (Worthey 1994) and the Hubble constant H 0 = 100h km s ?1 Mpc ?1 . Note that choice of H 0 does not a ect the predicted equivalent widths because the ionizing uxes from the quasars are invariant to distance scaling.
To account for the third spatial dimension, we correct the projected separations of the companions from the quasars by a factor of p 3=2 1:22. These larger values are used in calculation of the ionization models. The second column of Table 2 gives the corrected separations for all of the companions.
3.1. Close companions 3.1.1. PKS 2135-14 Stockton (1982) presented a spectrum and a detailed discussion of the closest companion to PKS 2135-14. Its compact nature is best revealed on the HST image (BKSS), where the companion is unambiguously distinguished from the nebulosity surrounding the quasar. Based on the spectrum of the companion, Canalizo & Stockton (1997) showed that it is actually a foreground star. Therefore, the narrow line emission is produced by the gas in the fuzzy nebulosity extending over more than 8h ?1 kpc. Our ionization models describe the state of this extended gas.
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We read the equivalent widths of the O iii], O ii], and H lines by visual inspection of the spectrum in Stockton (1982) . Table 3 shows our estimates of W ; uncertainty in the values should be taken to be at least 20%. We construct the best tting photoionization model using the calculations described in x2.1. Figure 3 shows contours of W for the three measured lines. One striking feature of the plot is that all three contours run reasonably close along the line corresponding to the constant Str omgren radius (f / n 2 H ). Therefore any model along the line is, in principle, capable of reproducing the observed emission. However, the isocontours never cross in one point, suggesting that more than one constant density model is required for the adequate t of observations, provided the estimated equivalent widths are correct.
We considered a simple combination of high and low density clouds (see Table 3 ). The high density clouds are needed to reproduce the O ii] emission, since most of the oxygen is doubly ionized at small densities (n H < 3 cm ?3 ) at the apparently small observed separation from the quasar. The low density clouds are likely to be present in the large extended nebulosity. We stress that the choice of high and low density clouds is not uniquely set by the available data.
The two models together produce the right amount of the O ii] emission, 23% less of the O iii], and 50% more of the H than is estimated from the observed spectrum. The H line should be conspicuous, with W 24 A, but it lies outside the spectral range of Stockton's data. The Ne v] 3426 line becomes moderately strong if we take any lower density for the model a. However it is barely detectable in the spectrum, and the estimated upper limit on its equivalent width is about 3 A. Thus the gas density of the model a is limited to n H > 2:5 cm ?3 . On the other hand, a larger lling factor (f > 10 ?2 ) leads to a signi cant overestimate of the H line while still not producing enough of the O iii].
Another companion is located 6 00 to the East from PKS 2135-14. Canalizo & Stockton (1997) con rmed that it is a galaxy at the redshift of the quasar, however its spectrum does not show strong emission lines.
PKS 2349-014
The closest companion of PKS 2349-014 exhibits a tidal interaction with the host QSO (see Bahcall et al. 1995a) . Its redshift has been con rmed by Miller, Tran & Sheinis (1996) . The estimated three-dimensional distance from the quasar is 4.2h ?1 kpc. There are also apparent tidal tails and a large nebulosity surrounding, but o set from, the quasar. If the quasar has a host galaxy similar to the Milky Way, the companion would inspiral due to dynamical friction in 7 10 8 yr.
We have computed two illustrative models with plausible gas densities of n H = 1 cm ?3 and 4 cm ?3 , respectively. We expect that the highly ionized, and therefore heated, gas would tend to be evenly distributed over the volume of the companion. Because of the faint continuum of the companion, the predicted equivalent widths in the second model are very large (see Table 3 ). Because of the extreme proximity of the companion, radiation pressure from the quasar may a ect the distribution of the gas. We use CLOUDY calculations to estimate the radiative acceleration on a hydrogen atom in the companion. We assume an isothermal distribution of mass of the companion and adopt the mass-to-light ratio of M=L V = 1 characteristic of moderately young stellar population. We nd that for the models I and II, gravity of the companion dominates the radiation pressure out to 18 kpc and 8 kpc, respectively, much farther than the actual extent of this object. Therefore, the gas clouds are not driven out of the companion. We have checked that the momentum transfer due to absorption of ionizing radiation by hydrogen atoms (for example, Haehnelt 1995) is at least an order of magnitude weaker than the force due to resonant Ly scattering.
Ionization-bounded companions 3.2.1. NAB 0205+02
NAB 0205+02 from the survey by Bahcall, Bahcall, & Schmidt (1973) has a mysterious companion at a projected separation of 22h ?1 kpc; this companion is very compact but is bright in the O iii] line. estimated the equivalent width of O iii] line of at least 400 A from the narrow line image. On the other hand, the object was not detected at all on their line-free continuum image. Recent HST F606W broad band observation of the companion (BKSS), which includes the O iii] line, shows that the image consists of two tiny clumps connected to each other by a bridge. There is no evidence on the HST image that the quasar host extends all the way to the companion, suggesting that the gas in the object is not a ected by direct interaction with the host. The line emission in the companion may, in principle, be caused by photoionization or collisional excitation by sources internal to the companion. We assume here that it is not the case and discuss instead the situation when photoionization by the quasar is the dominant source of energy for the emission lines.
The Str omgren radius for the companion (see Table 2 ) is less than the apparent extent of the object ( 3.5 kpc in NS direction, and 0.5 kpc in SW direction), so that the gas will be only partially ionized for n H > 0:3 cm ?3 . The amount of O iii] emission is therefore determined by the ionization parameter , which in turn depends on the covering factor. Assuming that the size of the object along the line-of-sight is the same as in the NS direction, we get an upper limit on $ of 1:4 10 ?3 , or 1. Using the estimated three-dimensional separation from the quasar of 26.5 kpc, we found that no simple ionization model, with the ionizing source centered on the quasar, yields an equivalent width of the O iii] line as large as is observed. The smallest covering factor needed to produce W ( O iii]) > 400 A is $ = 2:4 10 ?3 , and the gas density in this case is 0.3 cm ?3 .
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Can the emitting gas be distributed more broadly than the HST image shows? Apparently, the narrow-line image of their Figure 2e ) is large but this could be the e ect of lower resolution relative to HST . Nonetheless, we present the ionization model with $ = 2:4 10 ?3 that best ts the observations. If the model is con rmed by new spectroscopic data, a better understanding of the distribution of gas and stars in the companion will be required. If not, a much more elaborate ionization model will be needed to describe this unusual object.
The one-cloud ionization model predicts large equivalent widths for virtually all of the emission lines listed in Table 4 are strong N ii] and H lines. Our simplest model gives an upper limit (for f = 1) on the total mass of the gas in the companion of M gas < 8 10 7 M .
The faint continuum of the companion suggests the possibility that most of the light might be produced by thermal bremsstrahlung rather than starlight. The bremsstrahlung luminosity of the companion would be (Osterbrock 1989) L ff = 1:42 10 ?27 g ff T 1=2 n e n i Z 2 V erg s ?1 1:5 10 7 L T 1=2
4 n e n i Z 2 ; (4) where g ff 1:3 is the free-free Gaunt factor, n i is the density of ions of charge Z, and V 10 kpc 3 (for $ = 2:4 10 ?3 ) is the volume of the gas. The observed companion luminosity is L comp = 1:3 10 8 L (BKSS), and therefore one needs a density of n e > 3 cm ?3 to produce the right amount of emission. This in turn requires a larger covering factor of $ > 6 10 ?3 in order to match the observed W ( O iii]) with the gas density larger than 3 cm ?3 . As noted before, the covering factor can hardly be larger than (2 ? 3) 10 ?3 . Also, self-gravity of the gas will not be strong enough to resist the radiation pressure force, as indicated by the CLOUDY calculations.
Therefore the continuum of the companion cannot be accounted for by thermal bremsstrahlung only. Most likely, the detected emission arises from a combination of emission lines and faint starlight.
PHL 909
Galaxy F in the Bahcall, Kirhakos, & Schneider (1996) list of objects around PHL 909 is 65h ?1 kpc away from the quasar. Boroson (1996) has estimated the equivalent widths of the O ii] and O iii] lines as 10 A and 2 A, respectively. Figure 4 shows the corresponding contours of the lines as function of and n H , using the calculations from x2.2. The intersection of the two lines gives a slightly larger covering factor than is estimated from the HST image, so that we had to lower the gas density in order to produce the observed W . The best ionization model is obtained with n H = 0:8 cm ?3 for $ = 5 10 ?3 .
Because of the large distance to the quasar, the ionization ux is not very powerful and there are no strong lines predicted. Besides the oxygen lines, there could be detectable H and N ii] 6584 lines both with W 4 A. { 10 { 3.2.3. HE 1029-1401 showed that the quasar HE 1029-1401 is surrounded by a loose group of galaxies with strong emission lines. Table 4 gives the equivalent widths for the O iii], O ii], and H lines for the closest galaxy with a redshift similar to the quasar. The companion is at deprojected distance of about 150h ?1 kpc, and the covering factor is small ($ 6 10 ?4 ). Even with $ = 10 ?3 and n H = 1 cm ?3 , photoionization by the quasar is too weak by an order of magnitude to produce the measured lines ( Table 4) .
The observed emission can be explained by star formation within the companion galaxy. The erg s ?1 . Using Kennicutt's (1983) relation for the star formation rate (SFR) of spiral galaxies to the luminosity of the H line and assuming L(H ) 3 L(H ), we nd SFR 0:6 M yr ?1 , which can be achieved by a normal size spiral galaxy.
PKS 0405-123
The companion galaxy to PKS 0405-123 has been observed by , and its redshift has been con rmed by Ellingson & Yee (1994) . The spectrum of the galaxy has a strong O ii] emission line, with the estimated equivalent width of W ( O ii]) 12 A. The luminosity of the companion (M V = ?20:2) suggests that it may be a large spiral galaxy. There is no HST observation of this quasar eld and the available image from does not permit robust determination of the covering factor of the companion. We estimate the size of the galaxy to be 10 kpc, and assume it is almost face-on towards the quasar. This gives $ 3 10 ?3 . Using Figure 2 , we estimate the gas density to be about 8 cm ?3 . The ionization model predicts some measurable emission in H , Mg ii and N ii], with W > 5 A. If the companion is inclined with respect to the quasar, $ will be smaller and the ionizing ux from the quasar will not be strong enough to produce the observed O ii] emission.
Summary
The primary goal of this paper is to encourage new spectroscopic observations of quasar companions in order to learn more about the companion galaxies, isotropy of the quasar emission, and the relation between the galaxies and the quasars. We have calculated the equivalent widths of the strongest emission lines expected to be produced by quasar photoionization of close galactic companions and applied our models to the six companions with the observed lines.
In our exploratory calculations we have assumed constant density gas clouds and solar abun- Tables 3 and 4 ) that a narrow range of gas densities of n H around 1 cm ?3 may produce the observed emission lines. In three cases (the two close companions mentioned above and the exotic companion of NAB 0205+02) the models constrain the amount of gas to be of order M gas 10 7 ? 10 8 M .
Determining the amount of gas in or around the close companions is important for understanding the dynamical interactions of quasars with their environment. HST images (e.g., Bahcall et al. 1995a and BKSS) show clearly that, at least in some cases, quasars are interacting violently with their galactic companions. The long tidal tail observed near PKS 2349-014 suggests the presence of a massive host galaxy. The small quasar-companion separation of 4h ?1 kpc indicates that the companion is well inside the typical scale of a large galaxy. Gas shocks in the interstellar medium of the host might be expected to remove all of the gas from the small companion. Since the radiation pressure of the quasar is not strong enough to push away all the gas of the companion, absence of the strong emission lines predicted by our isotropic photo-ionization models could suggest an anisotropic ionizing ux or shock interactions with the massive host. 1 On the other hand, if strong photoionized emission lines are observed, a possible explanation might be an almost \naked" central quasar, which accretes gas from disrupted dwarf companions. This possibility has been suggested recently by Bahcall et al. (1995a) and by Fukugita & Turner (1996) . The degree of anisotropy of the quasar ionizing radiation, which is important for understanding the uni ed AGN model (e.g. Antonucci 1993), can be tested directly. If the continuum emission from the quasar is concentrated in narrow beams, the small solid angle of the companion galaxies makes them unlikely to be ionized. The companion of NAB 0205+02 presents a particularly strong test. Its tiny covering factor ($ 10 ?3 ) guarantees that the companion will not be ionized unless the quasar radiation is isotropic. Spectroscopy of that object can determine if the line emission is consistent with photoionization by the quasar.
The gas in the host galaxy itself should be strongly ionized by the quasar and all of the emission lines considered in this paper are expected to be observable. For the simplest model of a disk galaxy with the constant gas density, the e ective radius of the ionization zone is R ion 4:0 (L 11 =fn 2 H ) 1=3 kpc, where L 11 L QSO =10 11 L . As noted by Begelman (1985) and Chang, Schiano, & Wolfe (1987) , total depletion of gas and dust occurs in the inner few kiloparsecs. Thermal expansion of the gas in the direction perpendicular to the galactic plane leads to an amorphous envelope of hot gas around the quasar extending up to several tens of kpc. found such large emission envelopes to be ubiquitous around quasars. Therefore the period of quasar { 12 { activity should be longer than the timescale for thermal expansion and subsequent cooling of the gas, or 10 8 years.
Close companions to three other quasars, PKS 1302-102, 3C 323.1 (=Q1545+210) and PG 1202+281, have been detected with HST (Bahcall, Kirhakos, & Schneider 1995b) but no spectra are currently available. found an extremely strong O iii] emission around Q1545+210, but they could not unambiguously associate the emission with the companion 7 kpc away from the quasar. We would like to attract reader's attention to the 6 companions discussed in this paper and the other 3 objects mentioned above. They present a new interesting opportunity to understand quasars. 
